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Abstract. WeinvestigatethepossibilitythatstrongEUV linesobserved with theGoddardSolar EUV
Rocket TelescopeandSpectrograph(SERTS) provide goodproxiesfor estimating the total coronal
flux over shorter wavelength ranges.We usecoordinated SERTSandYohkoh observationsto obtain
both polynomialand power-law fits relatingthe broad-bandsoft X-ray fluxes to the intensitiesof
FeXVI 335 Å and 361 Å, FeXV 284 Å and 417 Å, andMg IX 368 Å measured with SERTS. We
found that the power-law fits bestcover the full rangeof solarconditionsfrom quiet Sun through
active region, thoughnot surprisingly the‘cooler’ MgIX 368Å line proves to be a poorproxy. The
quadratic polynomial fitsyield fair agreementover a largerangefor all but theMg IX line. However,
the linearfits fail conspicuously whenextrapolated into the quiet-Sun regime.The implicationsof
this work for theHeII 304Å line formation problemarealso briefly considered.

1. Int roduction

Spectrafromthe1989flightof theGoddardSolar EUV RocketTelescopeandSpec-
trograph(SERTS) yield intensity ratios betweenthe mostactive and the quietest
solar regionsof 48 in the 335Å line and 47 in the 361Å line of FeXVI , respect-
ively (Jordanet al., 1993). Thesevaluesare comparable to thefactor of 50 for the
total coronalflux ratio betweenactive-regionandquiet-Sun conditions,estimated
by Withbroe andNoyes(1976) from Skylab observations.The Skylab ratio was
basedon observationsmadeby the X-ray Spectrographic Telescope,an instru-
ment that provided several filters capable of observing soft X-ray radiation over
the wavelength rangeof 3–60 Å (Vaianaet al., 1973). This similarity suggests a
quantitativerelationship that could permit theuseof individual EUV line intensity
measurements asproxiesfor total coronalflux over important broadwavelength
intervals.Wereport hereon atestof thishypothesis,comparing EUV line intensit-
iesobtainedduring the1993flightof SERTSwith simultaneousobservationsof the
soft X-ray bandsobservedwith theSoft X-ray Telescope(SXT) onYohkoh. Wealso
describe a preliminary comparisonof nonsimultaneousSERTS andSOHO/CDS
observationsrelevant to assessingthe HeII photoionizingradiation.
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2. Instrument Descriptionsand Observations

The SERTS instrumentusedto obtain thesedata andthe mannerin which they
wereobtainedduring the1993flightaredescribedin detail in Brosius,Davila, and
Thomas(1996).Theobservationsweretakenwith amultilayer-coatedgratingflown
for thefirst time in 1991(Davila et al., 1993)andoptimizedfor thewavelengths
around300Å (Thomaset al., 1991). Theentranceaperture of the quasi-stigmatic
spectrographallows only a selectedportion of thesolar imageto passthroughto
the toroidal grating, which reimagesit in eachdispersedwavelength onto Kodak
101-07EUV sensitivefilm.Thisentranceaperturewasdesignedwith a‘dumbbell’
shapethat permits spectra andspectroheliogramsto be obtainedsimultaneously.
Spectra are obtained along a narrow 4.9 arc min slit, which lies between the two
widelobesof areas4:8� 8:2 arc min and 4:8� 7:6 arc min, respectively. Midway
throughthe rocket flight the instrumentpointing is changedby movementparallel
to the narrow slit, so that spectra can be obtained from within two of the four
regionscovered by thewidelobesin thetwo pointing positions.Thesewide-lobe
imagesare used for this collaborativestudy with Yohkoh.

The SERTS spatial resolution is about 5 arc sec,and the spectral resolution
is about55 mÅ, changingslightly in a known way along the narrow slit. The
wavelength rangecovered is 235–450 Å. Brosius, Davila, and Thomas(1996)
demonstratedthattherelative line intensitiesare accurateto within 20%over 280
–420Å. Al l of theSERTSlinesweusefor thisstudyliewithin thatrange.Thomas
andNeupert (1994)estimatethattheabsoluteradiometric accuracy over thisrange
is better thana factor of 2. Thewide-lobeSERTS imagesusedfor pixel-to-pixel
comparisonwith Yohkohimagesincludesomecontribution fromotherweakerlines
thanthosechosenfor thisstudy, but in all casesthe contributionsfrom theseother
linesare negligible except for the quietest regionsstudied.

The Yohkoh/SXT is most sensitive to coronal X-ray emission between 1.0 Å
and30 Å, thoughthere is somerapidly declining sensitivity up to about100 Å
(Tsunetaetal., 1991,Figure8). TheSXT isequippedwithfivedifferentfil ters, each
with a different plasmatemperature-responsefunction. Imageswere taken during
the SERTS flight using both a thin-aluminum filter and an Al/Mg/Mn (sandwich)
fil ter, which have the broadesttemperature-responsefunctionsof the five. These
two filters provide a broad-bandresponseto emission from solar plasmawith
temperaturesgreater thanabout1� 106 K. Al thoughit ismostsensitiveto plasma
at temperaturesof 3–5� 106, theSXT also yields information on quiet-Sun soft
X-ray emission.

For the study of coronal flux proxies,we usedSERTS wide-field imagesin
the lines of FeXVI at 335and361Å, of FeXV at 284and417Å and of MgX at
368 Å. We also obtainedwide-field imagesin the HeII resonanceline at 304 Å
for other reasonsdiscussedbelow. Theseobservationswere madein the second
pointing position during the flight. Following microdensitometry of the film and
intensity calibration, these images were coregistered with Yohkoh/SXT images of



USING STRONGSOLAR CORONAL EMISSIONLINES 181

Figure 1. The SERTS ‘dumbell’ slit projected onto the Yohkoh imagefor the 1993 observations
reported in this paper. (a) shows contours in the measured SERTS FeXVI 335 Å intensity and(b)
shows contours in thecorresponding 284Å intensity. Thetwo instruments’ resolutionsaredifferent,
which leadsto thedifferencein thesharpnessof the features.

thesamesolar region.ThecoalignedYohkoh imagesweremaskedandrebinnedto
match exactly theSERTSfield-of-view and pixel size. It was then straightforward
to comparepixel-to-pixel thecalibratedSERTSintensitieswith thecorresponding
Yohkohflux values.TheSXT observationsusedfor theanalysisreported herewere
taken with the thin-aluminum fil ter, becauseof that fil ter’s superior sensitivity.
Observationstaken with the sandwich filter, when tested, yielded similar results.

Examplesof ourcoaligneddataareshowninFigure1,wherecontoursof SERTS
FeXV 284Å and FeXVI 335Å are projectedonto thecorrespondingYohkoh/SXT
observations.
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Table I
Average integrated intensities (ergs cm�2 s�1 st�1) for active region and quiet-Sun
areasobserved with SERTS-93,from Brosius,Davila, andThomas(1996)

Spectral line Ave active region Ave quiet-Sun Ratio of AveAR/QS

FeXVI 335Å 4:09� 0:47� 103 1:63� 0:19� 102 25.09
FeXVI 361Å 2:04� 0:23� 103 7:72� 0:89� 101 26.24
FeXV 284Å 5:78� 0:65� 103 5:00� 0:57� 102 11.56
FeXV 417Å 2:41� 0:30� 102 1:30� 0:20� 101 18.56
Mg X 368Å 9:43� 1:01� 102 1:82� 0:21� 102 5.18
HeII 304Å 3:34� 0:38� 104 6:94� 0:78� 103 4.81

3. The Comparison of SERTS and Yohkoh/SXT Observations

The main results of the image coregistration and intensity/flux comparisons are
exhibited asscatter plots in Figures2–5. Weincludetheresults of both power-law
andpolynomialfitting routinesin Figure2, and give only theresults of themore
satisfactory power-law fitting in Figures 3–5. Results illustrated are for the lines
of FeXVI 335Å and361Å, FeXV 284Å, andalso, for reasonsgiven in Section 4,
HeII 304 Å. Fits were also obtainedfor FeXV 417 Å and for MgIX 368 Å, but
theseresults proved lesssatisfactory and arenot illustrated.

The average quiet-Sun and active-region intensities from Brosius, Davila, and
Thomas(1996)are identifiedin Figures2–5, to give someideaof therangeover
which thefitting wasdone.These values, plus those for theother linesfitted, are
reproducedin Table I. Figure 2 shows that the FeXVI 335Å line is a reasonably
goodproxyover mostof therangefitted,but thatalinearfit canerr by asmuchasan
orderof magnitudeif theSunisvery quiet. Thesameresult isobtainedfor theother
highly ionizediron linesof Figures3 and 4. We note thattheincreasein intensity
of theFeXVI lines from activeregion to quiet-Sun is only slightly greater than half
the valuesobtainedfrom theSERTS-89 flight. This is almostcertainly dueto the
fact that all the strong coronal line intensities observed in NOAA active region
7563during the1993flightwereweaker thanthe corresponding linesobserved in
NOAA 5464during 1989;i.e.,NOAA 7563was a ‘weaker’ active region overall.
The coefficients of the different power-law fits for all the lines treated appear in
TableII, andthosefor thepolynomialfitsareshown in TableIII. First-orderpower-
laws were fit to the data with SERTS intensities greater than a critical intensity
at which the scatter betweenthe Yohkoh and SERTS intensities was small. The
quadratic fits used all the data.

Theslopesof thefirst-orderpower-law fits in TableIII yield useful information
on how the different SERTS lines,formedat different temperatures,compare to
theYohkoh/SXTintensities.Thegreater thedifferenceof thedifferent lines’ temper-
ature-responsefunctions from the Yohkoh functions(which peakat 3� 106 K),
the greater the slope. This makes sense, since we expect the ratio of intensities
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Figure2. Scatter plotsof SERTSFeXVI 335Å intensity versusYohkoh/SXTflux with bothpower-law
fits (a), and polynomial fits (b). The fits were derived by a least-square method over the intensity
ranges as discussedin the text. The coefficients of the fits are given in Tables II and III. The fits
for (a) for thebrighter pixels are to within a factor of 50%of the observed spreadof the data while
for the dimmerpixels the fit is within a factor of 3. The lack of one-to-onecorrespondencein the
intensity canbeattributedto a combination of instrumentuncertainties and the lackof a one-to-one
correspondenceof intensity to temperature.
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Figure3. This figure is thesameasFigure2(a) excepttheFeXVI 361 Å spectral line isfitted.

Figure4. This figure is thesameasFigure2(a) excepttheFeXV 284 Å spectral line isfitted.
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Figure5. This figure is thesameasFigure2(a) excepttheHeII 304 Å spectral line isfitted.

Table II
Coefficients for thepolynomial fits

Spectral line A+Bx A+Bx+ Cx
2 App. formation

A B A B C temperature

FeXVI 335Å 0.64 0.13 19 0.086 1.6 2:5� 106

FeXVI 361 Å 12 0.28 23 0.21 5:0� 10�5 2:5� 106

FeXV 284Å 28 0.11 12 0.050 1:4� 10�5 2:0� 106

FeXV 417Å �26 3.6 18 1.4 �1:4� 10�2 2:0� 106

Mg X 368Å �290 1.4 250 �1.6 3:7� 10�3 1:0� 106

HeII 304Å �130 0.02 129 �0.019 1:3� 10�6 8:0� 104

Note: Thestandard deviation of theYohkoh intensity for agiven SERTSintensity is roughly a factor
of 1.6 for averagequiet-Sun conditions and 1.4 for averageactive region intensities.

from the higher temperature lines to the lower temperature lines to increaseas the
temperature increases.Asexpected,thehighertemperature linesarebetter proxies
for coronalradiation,at leastin theYohkohenergy range.

Figure 6 shows that bright regions are normally hot with a narrow rangeof
temperatures(2:5�106–3� 106 K) whiledim regionshaveawiderrangeof tem-
peratures(1:5�106–3�106 K). Thus,whilethereisnoone-to-onecorrespondence
of temperature to brightness,the averagetemperature increasesasthe brightness
increasesandtherangeof temperaturesfor agiven brightnesslevel decreases.The
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Table III
Coefficients for thepower-law fits

Spectral line A+B log(x) A+B log(x) +C log(x)2 App. formation
A B A B C temperature

FeXVI 335Å �2.3 1.13 �0.41 0.086 2:5� 106

FeXVI 361Å �1.7 1.36 0.90 �0.14 0.038 2:5� 106

FeXV 284Å �3.4 1.67 0.24 0.06 0.021 2:0� 106

FeXV 417Å �0.91 1.65 1.65 �0.49 0.138 2:0� 106

Mg X 368Å �3.9 2.30 3.27 �2.27 0.506 1:0� 106

HeII 304Å �12 3.22 4.27 �2.11 0.289 8:0� 104

Note: Thestandard deviation of theYohkoh intensity for agiven SERTSintensity is roughly a
factor of 1.6 for averagequiet-Sun conditions and 1.4 for averageactive region intensities.

Figure 6. Scatter plot of line-ratio temperature of FeXVI 361 Å to FeXV 284 Å. The observed
temperature spread is clearly wider for dim pixels than for bright ones,with few pixels having
line-ratio temperaturesof muchabove 3� 106 K.

temperature dependenceas a function of brightnessin Figure 6 shows that these
highly ionizediron linesare better proxiesfor active regionsthan for quiet Sun
conditions.Both of theselinesyield reasonableestimatesof SXT fluxes(again see
Figures3 and 4), but the rangeof temperaturesandestimatedfluxes decreasesas
the region observed becomesmoreactive.

Theintensity of a SERTSspectralline or an SXT bandpasscanbewritten as
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Figure 7. The theoretical intensity ratio of FeXV 284 Å, andFeXVI 361 Å vs Yohkoh SXT flux
observed with thethin aluminumfilter asafunction of temperature. Both ratiosaredoublevaluewith
theFeXV (dotted) peaking at 1:5�106 andtheFeXVI (solid) peaking at 2�106 K. Below 1:4�106 K
both ratios changes rapidly. Due to absolute calibration concerns between the two instruments these
theoretical intensity ratios cannotbeusedto measure thetemperatures.

I(T; �) = G(T )� ; (1)

whereI is the intensity, G is the plasma emissivity in either a single SERTS
line or over a SXT wavelength band,and� is the emission measure. Line-ratio
diagnosticsassumesthatall of theemissionfrom thetwo different spectral regimes
is emitted from the same volume of isothermal plasma, so both have the same
emission measure �. This is a reasonable approximation for theseiron linesand
SXT bandpasses.The intensity ratio of the two different spectral regimes then
becomes

R1;2 =
I1

I2
=

G1(T )

G2(T )
: (2)

We can obtain the quantitiesG1(T ) andG2(T ) from Brickhouse,Raymond,and
Smith (1995) and Tsuneta et al. (1991). Figure 7 plots R1;2 as a function of
temperature for the lines FeXV 284Å and FeXVI 361Å vs thewavelength band
observed by Yohkohwith the thin aluminum filter.

TheSERTSspectral intensity wouldbeaperfectproxy for theSXTflux if either
of two conditionswere met. Either the relation between intensity and temperature
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is single valued,or G1(T ) andG2(T ) have the sametemperature dependence.
Clearly neither condition is met. However, Figure 6 has already shown that the
spread of SXT fluxes for given intensities of FeXV 284 Å and FeXVI 361 Å is
comparatively narrow, approximately a factor of 2. This is not surprising because
the plasma emissivities peak in all three cases over a similar high temperature
range. Figure 7 shows that there is also a greater changein the ratio R1;2(T )
over quiet-Sun conditions than for a broad rangeof active regions conditions.
Onewould also expectthe concave shapeexhibited by the linearpower-law fits
illustrated in Figures 2–4, from the theoretical intensity ratios of Figure 7, where
the ratio is smaller for thehigher and lower temperaturesthan for the intermediate
temperatures.

4. Discussion,Including theHelium 304Å Problem

Theprimary objectiveof this study is to assessthevalueof several strongspectral
lines observed with the SERTS as ‘proxies’ for solar coronal flux over some
definablerangeof solar conditions.

Wedemonstrateherethatthesecond-orderpower-law fitsfor thehighly ionized
iron linesillustratedprovidereasonablygoodproxiesover abroadrangeof coronal
intensities, and predict theYohkohbroad-bandsoft X-ray fluxesto within 50%for
active regionsor a factor of 3 for quiet-Sun conditions.All other fits were less
satisfactory, for variousreasons.In particular, useof a linearapproximation with
the FeXVI linesunderestimatesthe quiet-Sun soft X-ray intensity by asmuchas
anorderof magnitude.

Two equal volumesof coronal plasmaat thesametemperaturemight still yield
a differentratio of ‘proxy’ intensity to coronalflux if thereare differentdensities
in thetwo volumes,or if therearedifferentelemental abundances.Usingaspectral
line whose emissivity is comparatively density insensitive, such as FeXVI 361Å
or FeXV 284Å, addressesthefirst concern.

Thesecondconcern isprobably moreserious,ascoronalabundancesareknown
to vary from onestructure to another(Meyer, 1985). Thiseffectcanbeminimized
if we use only spectral lines from an element that dominates the plasma emission
over the bandpassof interest. According to Cook et al. (1989), iron dominates
the emission of solar plasmafor temperatures greater than 300000 K. Adding
in only the other elements with a low first ionization potential (FIP) less than
10eV, thisdominationcontinuesup to temperaturesof several million degreesuntil
bremsstrahlungradiation becomessignificant, evenfor photospheric abundances.
Cooket al. alsoshow that a variation of a factor of four in the low-FIP elemental
abundancewould produceonly avariation of 50%in theratio of iron-lineemission
to total emission.Incontrast, avariationof afactorof fourin theabundanceof high-
FIP elements(FIP > 10 eV) could introducenearly a factor of four variation in
this latter ratio. However, oneshould notethatspectrafrom very low-FIPelements
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(FIP < 6:1 eV) suchasAl , Ca, andNa would be a poorchoicefor assessing the
coronalflux, aspreviouswork hasshown that they canbeenhancedin the corona
comparedto the other low-FIP elements by as muchas a factor of four (Falconer,
Davila, andThomas,1997).

In addition to fitting the SERTS coronal line intensities against Yohkoh/SXT
fluxes,we alsofitted theSERTS HeII 304 Å line, in an effort to determine if any
quantitative relationship existed between these relatively ‘hot’ coronal radiations
and the transition region 304 Å line, whose mechanism of formation remains a
subjectof current research.This fit exhibits a largerdeparture from linearity than
any of the highly ionized iron cases, as illustrated in Figure 5. However, the soft
X-ray fluxesmeasuredby Yohkoh lie far from theHeII ionization edgeof 228Å. It
wouldbefar moremeaningful to correlatesimultaneouscospatial 304Å intensities
with intensities in the strong iron lines that lie just below this ionization edge, to
gain insight into the roleof photoioization-recombination (p� r) in the formation
of the304Å line.

Figure 8 providesus with a roughestimate of what theseionizing fluxes are.
Both the quiet-Sun and active-region spectra shown in Figure 8 were obtained
on 2 September1996,with the CoronalDiagnostic Spectrometer (CDS)Grazing-
IncidenceSpectrometer(GIS)ontheSolarandHeliosphericObservatory (SOHO).
Oneseesanincreaseof over anorderof magnitudeinthenumber of countsrecorded
for theactive-regionspectrum over thequiet-Sun spectrum, in the strongionized-
iron lineslying justshort of 228Å.

Onewould expectsuchanincreasein themosteffectivephotoionizingradiation
to yield a larger than observed increasein the quiet Sunto active-region 304 Å
intensity in SERTS 304 data of Figure 5, unlessthere are large effects due to
absorption of 304 Å photonswithin the atmosphere.One possibility is that the
p � r mechanism dominates the line formation everywhere, and that there are
indeedlarge saturation effects in the active region, but this contradicts results
supportingcollisionalexcitationinat least thequietSun(Jordanetal., 1993).These
considerations, takentogether, suggest thatcollisionalexcitationof the304Å line
maydominateover p� r in activeregionsaswell asin thequietSun,especially in
view of thelargeincreasein electron density foundin activeregions,whichcauses
acorresponding(linear)increasein thecollision-dominatedsourcetermin theline
source function. We are hopeful that research currently underway using SERTS,
SOHO,andground-basedobservationswill furtherclarify this picture.

It is somewhat speculative at this stage whether Extreme Ultraviolet Explorer
(EUVE) observationsof the linesFeXV 284Å andFeXVI 335Å and361Å might
beuseful for estimating totalcoronalfluxesfor anumberof otherlate-typestars,but
thedataareavailable. Sincetheresolution of thespectrometer over thewavelength
range70–760Å isabout200(BowyerandMolina,1991), blendingwill introduce
someerror, but not necessarily a seriousonefor total flux estimations.A number
of ‘cool’ stars for which theselineshave beenobserved are reviewed in Jordan
(1996). TheseincludeProcyon,Chi BooA (+B), andCapella. Whilecurrent work
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Figure 8. Preliminary CDS GIS averagedspectra from both quiet-Sun andactive region. The GIS Band 1 spectrum is most relevant to HeII ionization,
which occursatwavelengthsshortof 228Å. Thequiet spectrumwasaveragedover a fairly uniform areaof 3000

� 3000 neardiskcenter. Theactive region
observed wasNOAA 7986.In theactive region scan,wehave includedonly thosepixelswhoseFeIX 171Å intensity exceeded80%of thepeakintensity
in thesame line. TheSERTSlinesdiscussed in this paper are located on thefigureat theappropriate wavelengths.
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features fairly straightforward spectroscopic diagnostics, future efforts to assess
line-formation mechanisms might find the useof theselinesasproxiesfor total
coronalflux useful.
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